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ABSTRACT
Context. The Sun shows an activity cycle that is caused by its varying global magnetic field. During a solar cycle, sunspots, i.e.
extended regions of strong magnetic fields, occur in activity belts that are slowly migrating from middle to lower latitudes, finally
arriving close to the equator during the cycle maximum phase. While this and other facts about the strong extended magnetic fields
have been well known for centuries, much less is known about the solar cycle evolution of small-scale magnetic fields. Thus the
question arises if similar principles exist for small-scale magnetic fields.
Aims. To address this question, we study magnetic bright points (MBPs) as proxies for such small-scale, kG solar magnetic fields.
This study is based on a homogeneous data set that covers a period of eight years. The number of detected MBPs versus time is
analysed to find out if there is an activity cycle for these magnetic features too and, if so, how it is related to the sunspot cycle.
Methods. An automated MBP identification algorithm was applied to the synoptic Hinode/SOT G-band data over the period Novem-
ber 2006 to August 2014, i.e. covering the decreasing phase of Cycle 23 and the rise, maximum, and early decrease of Cycle 24. This
data set includes, at the moment of investigation, a total of 4 162 images, with about 2.9 million single MBP detections.
Results. After a careful preselection and monthly median filtering of the data, the investigation revealed that the number of MBPs
close to the equator is coupled to the global solar cycle but shifted in time by about 2.5 years. Furthermore, the instantaneous number
of detected MBPs depends on the hemisphere, with one hemisphere being more prominent, i.e. showing a higher number of MBPs.
After the end of Cycle 23 and at the starting point of Cycle 24, the more active hemisphere changed from south to north. Clear peaks
in the detected number of MBPs are found at latitudes of about ±7◦, in congruence with the positions of the sunspot belts at the end
of the solar cycle.
Conclusions. These findings suggest that there is indeed a coupling between the activity of MBPs close to the equator with the global
magnetic field. The results also indicate that a significant fraction of the magnetic flux that is visible as MBPs close to the equator
originates from the sunspot activity belts. However, even during the minimum of MBP activity, a percentage as large as 60% of the
maximum number of detected MBPs has been observed, which may be related to solar surface dynamo action.
Key words. Sun: magnetic fields, Sun: photosphere, Sun: activity, techniques: high angular resolution, methods: observational
1. Introduction
Since the pioneering work of Schwabe (1844), it is well known
that the Sun has a sunspot or activity cycle and is thus a vari-
able star. Hale (1908) was the first to establish that sunspots are
actually created by strong and extended magnetic fields. Thus
the varying solar activity is closely correlated to the Sun’s global
magnetic field, which shows a roughly 22-year magnetic cycle,
comprised of two 11-year sunspot cycles (e.g. Babcock 1961).
Within such a cycle, sunspots are formed in so-called active lat-
itude belts, which over the course of a solar cycle migrate closer
and closer to the equator (see Carrington 1858, Hathaway et al.
2003). Furthermore sunspots obey several other rules, such as
Joy’s law of the tilting of sunspot groups and Hale’s magnetic
polarity rules (the details of which can be found in the orig-
inal paper of Hale et al. 1919). It is known that the magnetic
field starts to be torn out from the sunspots and is then trans-
ported via the meridional large-scale flows to the polar regions
of the Sun (e.g. Babcock 1961, Sheeley 1966, Choudhuri et al.
1995) where, with some temporal lag, it causes the polar mag-
netic field reversals (for recent progress in observations of the
polar magnetic fields see, e.g. Tsuneta et al. 2008a, Shiota et al.
2012). This transported magnetic flux consists of small-scale
features whose properties and behaviour along a whole solar cy-
cle was of interest already in the 80’s of the last century (e.g.
Labonte & Howard 1982). Those earlier investigations yielded
different and partly contradicting results. Some studies found a
correlation between the magnetic fields and the sunspot cycle,
while others report that small-scale magnetic fields seemed to be
anti-correlated with the sunspot cycle. Finally, there have been
studies that state there is no correlation at all. For a discussion
of these results, we refer the reader to Jin et al. (2011) and refer-
ences therein. For more detail on the topic of the solar cycle we
refer to the review by Hathaway (2010).
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Fig. 1. Synoptic Hinode/SOT G-band filtergram from 1 August 2014. To increase the contrast of the image, the data were clipped to be between
33% and 75% of the image’s intensity maximum.
All of these observational findings have to be explained by
a dynamo theory (see the review of Charbonneau 2010, and ref-
erences therein). In recent years, numerical simulations of the
dynamo process (e.g. Karak & Brandenburg 2015), as well as of
the evolution of the magnetic network during a solar cycle (e.g.
Thibault et al. 2014), agree with these observational findings to
a more and more satisfying degree but there are still major open
questions to be addressed (e.g. the final chapter of Charbonneau
2010).
These theories and models take in most cases only the strong
and extended magnetic fields into account. Thus the following
questions arise: what happens to the magnetic network (see,
for example, previous studies performed with SOHO/MDI by
Jin et al. 2011, Jin & Wang 2012) and to proxies of small-scale
kG concentrations that are often present within this network
and known as network bright points (Muller 1983) or mag-
netic bright points (MBPs; see, e.g. Berger et al. 2004, and, for
more general reviews on small-scale magnetic fields, Solanki
1993 or de Wijn et al. 2009). MBPs are representations of strong
magnetic field concentrations (see, e.g. Berger & Title 2001,
Beck et al. 2007, Utz et al. 2013) and often reach more than
1 kG1. They feature small diameters in the range of a few hun-
dred km (e.g. Wiehr et al. 2004, Yang et al. 2014). The lower
limit of the size distribution has most likely not yet been discov-
ered as with increasing telescope apertures the measured lower
limit of the size distribution of the MBPs is still decreasing
(e.g. Abramenko et al. 2010). Finally, MBPs are characterised
by their increased intensity, compared to the dark intergranu-
lar lanes in which they are situated (e.g., Muller & Keil 1983,
Wiehr et al. 2004, Berger et al. 2007). This is especially true for
molecular bands like the G band. Therefore this spectral region
is often chosen when identifying them (Muller & Roudier 1984,
1 An ongoing debate actually exists on whether all MBPs have to have
magnetic field strengths above 1 kG or not, with theoretical indications
that they should have more than 1 kG (see Criscuoli & Uitenbroek 2014,
Riethmüller et al. 2014).
Fig. 2. Detected number of MBPs versus time using all available G-
band images of the Hinode synoptic programme.
Steiner et al. 2001, Schüssler et al. 2003). Recent studies, based
on observations and computer simulations, have investigated the
temporal evolution from the formation until the disintegration of
single features, which occur over timescales of just a few min-
utes (Bodnárová et al. 2013, Hewitt et al. 2014, Utz et al. 2014).
However, almost no long-term studies exist regarding MBPs
(a first attempt was undertaken by Muller & Roudier 1984, but
with a much smaller image sample per year and less homo-
geneous data compared to this study). Among the few stud-
ies which try to shed some light on this topic are Muller et al.
(2011) and Utz et al. (2015), stating some preliminary results
with regard to the current investigation. This is caused by
the lack of suitable and stable long-term data sets that cover
the solar cycle related variations of MBPs. Thus the follow-
ing questions remain: 1) Are there laws governing the oc-
currence frequency and characteristics of small-scale magnetic
fields that are similar to the established rules for sunspots (see,
e.g Meunier 2003, Jin et al. 2011)? 2) Are these small-scale
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Fig. 3. Top panel: Monthly median number of detected MBPs af-
ter image selection via the contrast criterion versus time (solid line).
The dashed line shows the relative sunspot number obtained from the
Sunspot Index and Long-term Solar Observations Center. Bottom panel:
As the top panel, but for the relative sunspot number shifted by 2.5
years, yielding a cross-correlation coefficient of 0.56.
magnetic fields independent of the global magnetic field cy-
cle (e.g. Labonte & Howard 1982, Buehler et al. 2013)? 3) Do
completely different rules apply for small-scale magnetic fields
that might be dependent on the strength of the cycle (e.g.
Karak & Brandenburg 2015)? Answering these questions will
not only improve our understanding of the solar cycle but also
that of the underlying dynamo theories, as there is still a debate
about the possibility of an acting surface dynamo being respon-
sible for the formation of small-scale solar magnetic fields (see
Petrovay & Szakaly 1993, Lites 2012, Rempel 2014).
New possibilities for answering these questions on long-
term evolutions have opened up in recent years owing to space
missions, since observations from instruments flown in space
are not subject to varying atmospheric conditions and thus
their behaviour is, in general, more stable (see, among oth-
ers, Hagenaar et al. 2003, Jin et al. 2011, Benevolenskaya et al.
2014, Lites et al. 2014). For the purposes of long-term investiga-
tions on small-scale solar magnetic fields, the mission of choice
is Hinode. Operating now for more than eight years, it delivers
stable, seeing-free, and homogeneous data with high spatial res-
olution that can provide insights into the long-term behaviour of
small-scale magnetic fields.
2. Data
The data used in this study were observed by the Hinode space-
craft and belong to the Hinode synoptic programme which is
executed on a regular basis. Hinode is a Japanese space mission
with European and US contributions launched in late 2006 (for
details about the mission see Kosugi et al. 2007). In the frame of
the synoptic Hinode operation programme (HOP 79), filtergrams
of the Sun are taken at the disc centre with all six available broad-
band filters of the 0.5 m aperture solar optical telescope (SOT;
Tsuneta et al. 2008b). For our purposes, the G-band filtergrams
acquired in the frame of the synoptic programme are the most
promising data source as they facilitate the detection of MBPs.
To analyse the long-term evolution of MBP activity, we down-
loaded the complete synoptic image data set from the Hinode
data centre (DARTS2; Matsuzaki et al. 2007) for the period from
1 November 2006 until end of August 2014 . The complete data
set consists of 4 162 single G-band exposures.
At the beginning of the Hinode operations, these observa-
tions were performed with the full pixel sampling of 0.054 arc-
sec/pixel. Thus an image of 4096× 2048 pixels results in roughly
220 × 110 arcsec2, which corresponds to the maximum attain-
able Hinode broadband filtergram field of view (FOV). Because
of the failure of the main downlink antenna, towards the end of
2007, the mission operators decided to perform an ongoing on-
board binning of the synoptic images (with the last, non-binned,
synoptic image taken on 17 February 2008). Thus the pixel sam-
pling was reduced to 0.108 arcsec/pixel or a factor of two while
keeping the FOV unchanged. A typical synoptic image taken in
the G-band is displayed in Fig. 1. In the left-hand side of the FOV
we can see some remnants of a former active region. All the pri-
mary data reductions such as dark current, flat field, and read out
errors have been applied to the data via the corresponding So-
larSoftWare (SSW) routines provided by the mission team, lead-
ing to so-called Level 1 data. In addition, the images observed
prior to the antenna failure have been rebinned before analysis
to ensure similar image characteristics for the full period under
consideration.
Monthly sunspot numbers were obtained from the homepage
of the Sunspot Index and Long-term Solar Observations centre
(SILSO; http://sidc.oma.be/silso/).
3. Analysis
The first step of the analysis consists of identifying the MBPs
in all images. For this purpose we used two fully automated
routines for image segmentation and MBP identification, as de-
scribed in Utz et al. (2009, 2010), which always used the same
set of parameters. The raw outcome of this procedure is plotted
in Fig. 2 and shows the number of identified MBPs versus time3.
Several features are obvious. First of all, if we discard outlier
data points (MBP numbers larger than about 1100), we observe
two maxima in 2006 and in 2014, and a minimum in 2011. In ad-
dition, we see a cloud of scattered data points beneath this trend
line. This scatter is due to erroneous images, e.g. a part of the
image is missing due to downlink errors, or the image was out of
focus when recorded (the presence of out-of-focus images in the
Hinode HOP79 was also reported by Muller et al. 2010, 2011).
Moreover, we can identify scattered data points that exceed the
level of 1100, which are often arranged in the shape of a verti-
cal line. These features are created by the passage of an active
region through the centre of the Sun. The strong increase can be
2 accessible via: https://darts.isas.jaxa.jp/solar/hinode/
3 We note that the absolute number of MBPs is not to be taken too se-
riously as it depends on the identification parameters as well as the data
set (spatial resolution, spatial sampling, etc.). It is preferable to com-
pare the relative changes over time. For a detailed study on the number
density per unit surface we refer to Sánchez Almeida et al. (2010), with
which our values could be recalibrated.
Article number, page 3 of 10
A&A proofs: manuscript no. 25926_mb
Fig. 4. Monthly median number of MBPs detected over a FOV covering
approximately ±5◦ in latitude versus solar latitude, plotted separately
for yearly periods from November 2006 to October 2013. Top panel:
The starting point is marked by a cross while the last data point is de-
picted as a star. Each yearly period is shown in a different color and line
style (according to the legend). Bottom panel: Same as in the top panel
but each yearly period is approximated by a linear trend line encoded in
the same color and line style as in the top panel.
explained by the fact that, compared to the quiet Sun, the mag-
netic network is generally more enhanced within the vicinity of
an active region and visible as plage regions, which thus gives
rise to a higher number of MBPs (for a more detailed discussion
about the different magnetic features and pattern visible in the
surrounding of sunspots, see Zwaan 1987).
Thus we need to apply a careful image selection prior to an
in-depth analysis if we aim to deduce changes in the quiet so-
lar magnetic network as seen by the number of detected MBPs
in non-active regions on the Sun. First of all we aimed to ex-
clude faulty images4, de-focused images, and images containing
sunspots. To do this we applied a selection criterion based on
the image contrast. The image contrast, CI , can be defined as
standard deviation of the intensity of all pixels in the image, σI ,
normalised by the mean image intensity, 〈I〉:
CI =
σI
〈I〉
· 100%, (1)
where CI is then given as the image contrast as a percentage of
the mean image intensity.
In the next step we defined a contrast threshold and only
those images within the boundary of the threshold were selected
4 Those images for which an error occurred during the downlink from
the satellite leading to data loss and black stripes within the image.
for further analysis. For this study, we chose the values of 10.8%
as a lower and 11.8% as an upper limit. These chosen boundaries
ensure, on the one hand, that faulty images are excluded while,
on the other hand, are still wide enough to ensure the selection
of enough images to obtain meaningful statistics. The possible
influence of the image contrast on the detection of MBPs is dis-
cussed in detail in Sect. 5.
4. Results
4.1. Number of MBPs at the solar disc centre
Figure 3 shows the monthly median number of detected MBPs
per image versus time as well as the relative sunspot number.
We realise that a) the sunspot number does not correlate with the
number of MBPs (correlation coefficient of -0.03), and that b)
it might be worthwhile to shift the sunspot number with respect
to the number of detected MBPs. Thus we computed the cross-
correlation function between both quantities with the outcome
that a shift of 2.5 years leads to a maximum correlation of 0.56
(see lower panel of Fig. 3). Furthermore, we realise that even
in the deep solar minimum of Cycle 24 (during 2009 to 2011)
there is still sufficient magnetic field present to give rise to about
570 detected MBPs compared to around 940 at the end of 2006,
which corresponds roughly to a factor of 0.6.
4.2. Number of MBPs versus solar latitude close to the
equator
One has to be careful when specifying the position on the solar
disc where the MBPs are detected. While it is true that during
the synoptic programme the Hinode instrument is pointing to
the solar disc centre, this disc centre does not always correspond
to the solar equator region. This is due to the inclination of the
solar rotation axis compared to the ecliptic plane given by the
B0 value – the heliographic latitude of the disc centre, which
changes periodically during the year while the Earth revolves
around the Sun.
To shed more light on the influence of the varying B0 pa-
rameter on the detected number of MBPs, in Fig. 4 we depict
the monthly median number of MBPs detected within a FOV
that extends roughly ±5◦ in latitude, centred around the speci-
fied heliographic latitude on the x-axis. Each colour within the
plotted curve represents a different year, starting with the black
cross in November 2006 and continuing until the black star (Oc-
tober 2013). We realise that the first observations were obtained
north of the equator (about 3◦), then the observations are taken
more southwards, reaching roughly −7◦ about half a year later,
before the trend in inclination changes and the instrument takes
observations further northwards again.
In the beginning, we see that the southernmost observation
corresponds to a maximum in the detected number of MBPs,
while the northernmost position corresponds to the yearly mini-
mum. The following year (indicated in darker blue colour and as
a dashed line) shows a similar behaviour but in general shifted to
lower values. The number of detected MBPs rises again in 2011
but now there are a higher number of detected MBPs to the north
of the equator. Additionally we are able to identify peaks in the
number of identified MBPs at the covered maximum latitudes
of ±7◦. In the lower panel of Fig. 4, we display the same plot
but with linear fits for each yearly period. It shows that there are
more MBPs in the southern hemisphere before the solar mini-
mum, less MBPs after, and nearly the same amount on each side
of the equator during the minimum.
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Fig. 5. Top: North/south distribution of MBPs. For each yearly period
the average number of MBPs per image recorded north (blue ) and south
(red ) of the solar equator is shown. Bottom: Ratio of MBPs detected
north of the equator compared to the total detected number.
4.3. Hemispheric MBP occurrence asymmetry
In the following we investigate the asymmetry of the occurrence
of MBPs north and south of the equator in more detail. To do
this, we average the number of detected MBPs for images ob-
tained north and south of the equator within a year-long period.
The outcome of this operation is shown in the top panel of Fig. 5.
The red solid line shows the average number of detected MBPs
in images obtained south of the equator, while the purple line
shows the same quantity for images taken north of the equa-
tor. Again the general picture of decreasing magnetic activity
can be seen by a decreasing number of MBPs, with the mini-
mum reached in the period between November 2010 and Octo-
ber 2011. This is at least true for the MBPs south of the equator.
North of the equator the picture is not as clear because there is an
extended minimum period that had already started in November
2008 and which lasted until October 2011. This plot also illus-
trates the reversal of the asymmetry with the rising activity of the
new solar cycle (2012 onwards) when the northern hemisphere
started to be predominant in MBP activity.
This trend is even clearer in the bottom panel of Fig. 5, where
we plot the ratio of MBPs detected north of the equator com-
pared to the combined average number of MBPs detected north
and south of the equator. In this plot the decreasing asymmetry
in the south can clearly be seen as being in line with a decreasing
activity of solar cycle 24. During 2011 the asymmetry changes
and the northern side is now more active with respect to the num-
ber of detected MBPs.
5. Instrumental effects
When analysing long-term trends of physical objects it is impor-
tant to have a clear understanding of the long-term behaviour of
the instrument with which the data were obtained. Thus we take
a closer look at the characteristic parameters of the Hinode/SOT
instrument and the obtained G-band images to understand and
verify if the trends obtained are of a true physical nature or an
artificial product of changing instrumental characteristics.
Figure 6 gives an overview of the long-term evolution of
characteristic image parameters. The left column shows (from
top to bottom) the focus position of the instrument, the image
contrast as defined in Eq. 1, and the mean image intensity; the
right column shows the exposure time, the charge-coupled de-
vice (CCD) temperature, and the electronics box temperature.
All quantities are plotted versus time, thus characterising the
long-term evolution of the instrument. It becomes clear that the
exposure time, CCD temperature, and electronics box temper-
ature are (within some fluctuations) stable quantities without a
visible long-term trend.
However, this does not hold for the quantities plotted in the
left column: the focus position, mean image intensity, and the
contrast of the image, which a) reveal long-term trends and b)
are correlated with each other. Most likely two effects are taking
place: an ageing of the telescope structure leading to a shift in
the optimum focal point5, and a UV blinding of the filters, which
decreases the filter throughput. While the mean image intensity
is of no great concern for the current study, the situation is quite
different for the image contrast. This quantity is important as we
can assume (and will show later) that the detection algorithm is
sensitive to the contrast value that is actually achieved, and thus
a varying contrast can cause artificial variations in the number of
detected MBPs.
To verify that the shift in focus position is due to the efforts
made to compensate the structural changes that occur because
of ageing effects, we obtained so-called focus scan data sets. To
estimate the optimum focus position, the satellite operators of
the Hinode mission perform focus scans at regular intervals. The
optimum position can change because of the instrument’s age,
but also because of changing heat loads on the structure when
the pointing of the satellite within the solar disc is changed sig-
nificantly, e.g. changing the pointing from the disc centre to the
limb. Two examples of such focus scans are presented in Fig.
7. The upper half of the figure shows the focus scan example
taken in January 2010. The nine sub-images display the expo-
sures taken during the scan at different focal positions. The three
panels on the right illustrate the dependence of the RMS contrast
versus the focal position, the number of detected MBPs versus
the focal position, and the number of MBPs versus the achieved
image contrast. The lower half of the figure shows the same plots
for the focus scan from January 2014.
5 This was actually acknowledged by the satellite operators and is de-
scribed in Ichimoto et al. (2008).
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Fig. 6. Characteristic quantities describing the long-term instrument stability of the Hinode/SOT G-band filter. Left column (from top to bottom):
the focus position used to record the image, the image contrast achieved, and the mean image intensity; right column: the exposure time, the CCD
temperature, and the electronics box temperature during the time when the image was recorded.
From Fig. 7 we can deduce two facts: first of all the used al-
gorithm is sensitive to image contrast variations, i.e. a change in
image contrast of about 1%, for example a decrease from 11%
to 10%, would result in a reduction of a factor of ∼3 in detected
MBPs. Secondly, the long-term trend of changing focus posi-
tions cannot be directly responsible for the image contrast de-
crease since a change of only ten steps in focus position would
bring the instrument already completely out of focus. Thus the
change of roughly 100 focus positions in Fig. 6 must truly cor-
respond to an ageing effect of the instrument structure. Further-
more, since the operators regularly re-focus the instrument based
on the analysis of the focus scan data sets, the largest fraction of
the variation of the image contrast of the selected images (ex-
cept for the first year when the instrument ageing effects are
strongest) should be due to physical changes occurring on the
surface of the Sun and not as a result of instrument effects.
To investigate in more detail the influence of the contrast
on the detection probability of the used algorithm, we iden-
tify MBPs in artificially defocused images. We took one of the
sharpest images available within the whole data set. This image
was observed at the beginning of the mission before any sub-
stantial ageing effects had occurred. We analysed the image and
identified roughly 940 MBPs in this particular image. In the next
step, we applied a two-dimensional Gaussian filter with variable
width to the image to reduce the sharpness and thus the con-
trast of the image. Then we reran the MBP identification algo-
rithm and ended up, after several such iterations, using variable
Gaussian widths, with a curve depicting the performance of the
identification algorithm on the achieved image contrast (Fig. 8,
crosses). The solid black line gives a fit to the observed depen-
dence for one particular image. The different artificially created
realisations of the defocused image and the corresponding num-
ber of detected MBPs are represented by crosses. We performed
the same test a second time but making a more realistic assump-
tion for the varying telescope point spread function, where we
convolved the image by a varying Voigt profile. The starting co-
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Fig. 7. Two examples of Hinode/SOT G-band focus scan data. Upper half: focus scan from January 2010. The nine-image mosaic displays the
exposures recorded during the scan at different focus positions. The three panels to the right illustrate the dependence of the image contrast on the
focus position, the number of detected MBPs versus the focus position, and the number of MBPs versus the image contrast. The lower half shows
the same for the focus scan taken in January 2014.
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Fig. 8. The relationship between the number of identified MBPs and
the image contrast obtained via artificially defocusing an image by con-
volving the image with a Gaussian featuring a variable width. The solid
line depicts the relationship for an image taken early during the mis-
sion. Crosses demark the image contrast and the number of identified
MBPs for the defocused images (always based on the same original im-
age). The dashed line illustrates the same behaviour for a second test
case using a Voigt profile for the artificial defocusing. For comparison,
all analysed images (those images featuring the monthly median MBP
number) from the original data set are plotted, with stars depicting the
first year (strongest instrument ageing) and squares for the rest of the
analysed time period.
efficients for the Voigt profile were chosen as σ = 0′′.008 and
γ = 0′′.004 and varied consecutively under the constraint of
keeping the ratio between both fixed. This particular function
and the coefficients were derived by Wedemeyer-Böhm (2008)
as best matching function for the Hinode/SOT stray-light contri-
bution in the blue continuum. As there are no parameters avail-
able for the G-band, this blue continuum profile is the closest
available and most realistic profile to work with. The Voigt func-
tion used is given as Eq. 2 in Wedemeyer-Böhm (2008). The
resulting curve (Fig. 8, dashed line) shows the same basic be-
haviour of a decrease in detection probability with decreasing
contrast. However, we note that, in the case of the Voigt profile,
the decrease is not as steep as in the case of the Gaussian func-
tion.
By way of comparison, in Fig. 8 we overplotted the actual
contrast and number of identified MBPs of the analysed images
corresponding onto the monthly median MBP numbers (stars for
the first year and squares for the other years). Clearly this scatter
cloud features a lower dependence of the number of MBPs ver-
sus the image contrast compared to the theoretical expectations
from our modeling efforts. Hence we conclude that most images
are indeed recorded at the best available focus position or at least
very close to an optimum focal position. If this was not true, the
scatter cloud would be characterised by a much steeper slope.
Most likely the scatter is created by a small amount of residual
defocused or not perfectly focused images plus the natural varia-
tion in image contrast owing to changing physical conditions on
the solar surface itself. The other fact we see is that the sharpest
images were obtained in the first mission year (stars). A possible
explanation for this might be a decreasing CCD performance by,
for example, increasing dark currents that cause a decrease in
observed image RMS. This would ultimately also decrease the
quantity we used to specify the sharpness of the images, while
the true image sharpness would indeed show the same level.
Fig. 9. Scatter plots of the monthly median number of detected MBPs
per image versus image contrast, separately plotted for successive peri-
ods of 1 year. Each period is from November to October of the following
year. The correlation coefficient between the number of detected MBPs
and the image contrast is annotated in the lower right corner.
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To achieve a better understanding of whether there are long-
term variations in the data shown in Fig. 8, we create separate
scatter plots for yearly periods. Figure 9 shows (from top to bot-
tom): the number of identified MBPs per image versus the image
contrast for yearly periods starting with November 2006 - Octo-
ber 2007 to November 2012 - October 2013. There is neither
a unique yearly pattern visible nor a clear correlation between
image contrast and detected number of MBPs. Panel (b) and (e)
display a random pattern with no clear visible correlation. The
last pattern (g) would even suggest an independence of the de-
tected number of MBPs versus image contrast as the scatter is
practically arranged along a horizontal line. The correlation co-
efficients are stated in the panels.
6. Discussion and Conclusions
The main results of this study can be summarised as follows:
– The small-scale quiet Sun magnetic flux, as seen by MBPs as
proxies, follows the solar cycle defined by the sunspot num-
ber.
– This established quiet Sun magnetic flux cycle lags behind
the sunspot cycle by a period of roughly 2.5 years.
– There is an asymmetry and phase shift between the num-
ber of MBPs detected north and south of the equator, and
thus probably also between the magnetic network of the two
hemispheres.
– The asymmetry switches with the start of cycle 24 and
thus the magnetic network also shows a more active or
more prominent hemisphere than known for sunspots (cf.
Temmer et al. 2006).
– The Hinode/SOT shows ageing effects with regard to the op-
timum focus position as well as filter throughput.
– However, because of regular re-focusing operations, the ef-
fects on the image contrast can be successfully minimised.
These results can be interpreted in the following way: The
temporal shift between the sunspot number and the number of
MBPs established during the minimum periods of both quanti-
ties can be explained either by a possible transport of the mag-
netic fields from the sunspot belts to the equator region caus-
ing the observed temporal lag or, secondly, by a larger decaying
time constant for the magnetic network compared to sunspots.
However, as the meridional large circulation pattern generally
transports magnetic flux from equator regions to the poles, it is
most likely some different mechanism which must be acting on
the MBPs in the case of the transport scenario. We can think of
two possibilities: a) on small-scales, such as the few degrees dis-
tance of the active sunspot belts to the equator, the plasma flow
resulting from the supergranular pattern with typical speeds of ∼
300 m s−1 can overcome the meridional flow pattern which has
speeds in the order of 10–20 m s−1 and which are strongest at lat-
itudes of ∼ 30◦ (Hathaway et al. 2010, Hathaway & Rightmire
2010), or that b) close to the solar equator, a weak reverse flow
exists (similar to the two-part vertical circulation pattern de-
scribed in Zhao et al. 2013), which transports magnetic flux from
higher latitudes towards the poles, while close to the equator the
magnetic flux is moved towards the equator. A different interpre-
tation could be that there is no real time shift but that, when the
feed in of new magnetic flux into the magnetic network by de-
caying active regions stops (during the minimum of the sunspot
cycle), the magnetic network needs more time to adjust (de-
crease its activity), compared to sunspots decaying within days
to weeks (e.g. Meyer et al. 1974). Such an interpretation is sup-
ported by the work of Thibault et al. (2014) who find a temporal
lag between the sunspot cycle and the filling factor of the mag-
netic network of roughly 2.5 years. In their simulation they use
observed sunspot data as input into a Monte Carlo simulation of
the evolution of the full disk magnetic network (for more details
about the simulation see also Thibault et al. 2012). However, as
their stated magnetic filling factor evolution is for the full solar
disk, no one-to-one correlation exists for the observations made
in this paper. On the other hand, when the cycle starts again, the
magnetic network might get enhanced simultaneously with the
rising phase of the new sunspot cycle (see also Thibault et al.
2014, Fig. 12). A decision, as to which possible interpretation of
the observed time lag (transport or relaxation time lag) is more
suitable, may be found when the period of the next solar cy-
cle maximum is analysed. If both maxima (number of detected
MBPs and sunspots) occur simultaneously then the observed be-
haviour is due to a larger decay time, which is constant for the
network compared to sunspots. If there is a similar time lag at
the maximum periods, i.e. during the minimum phase, then it is
most likely related to flux transport mechanisms.
The number of about 570 MBPs during the extended solar
cycle minimum might either be related to a surface dynamo cre-
ating magnetic fields independently of the solar cycle or be the
result of weak surface remnants of the magnetic fields that were
created by the global solar dynamo action. Thibault et al. (2014)
found, for example, that when an injection of new flux into the
magnetic network is stopped, the filling factor of the magnetic
network only decreases exponentially with an e-folding time of
about 1.9 years. Thus, they concluded that the magnetic network
was unable to fully relax to its ground state even during the ex-
tended period of the last solar cycle around 2009. On the other
hand Gošic´ et al. (2014) found that the whole network magnetic
field can be sustained, at least during the last extended mini-
mum solar cycle phase, via transported and accumulated weak
internetwork fields. Thus the found minimum number and/or
the ratio with the maximum number of detected MBPs during
the maximum phase can help us, in the future, to estimate the
strength of the acting surface dynamo in relation to the global
magnetic field dynamo and/or the decaying time constant for
the global magnetic fields. The peaks in the number of detected
MBPs close to ±7◦ of solar latitude are an indication that at
least a considerable proportion of the magnetic field, visible as
MBPs, consists of remnants of former active regions (see, e.g.
Harvey & Harvey 1973, for the transport of magnetic flux away
from sunspots). This can be explained by the fact that the active
sunspot belts can move on average as close to the equator as ±8◦
(see Hathaway et al. 2003) and thus enhance the magnetic net-
work at these latitudes while decaying. We state “former active
regions” as we have explicitly removed sunspot data from the
data set.
Jin et al. (2011), and Jin & Wang (2012) report about the
temporal evolution of the magnetic network during solar cycle
23 using Soho/MDI observations. In their studies they divide
the magnetic network elements into three classes according to
their magnetic flux strength, and found that the class showing
the strongest magnetic fluxes is correlated to the solar cycle,
the class with weaker fluxes is anti-correlated (see, for example,
Hagenaar et al. 2003), whereas the class containing the weakest
flux elements reveals no correlation at all. Because of the lower
spatial resolution of Soho/MDI, the weakest class of reported
magnetic flux elements of this study might in reality belong to
internetwork fields. Recent results for the internetwork magnetic
fields (see, Buehler et al. 2013, Lites et al. 2014) support the idea
of a working small-scale surface dynamo being responsible for
these internetwork fields, which are thus also not related and cor-
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related to the global dynamo. As we found a correlation of the
MBP number activity with the solar cycle (although temporally
lagged), the observed MBPs are likely created within elements
belonging to the class of the stronger network magnetic flux ele-
ments. In the future, the implementation of an algorithm, which
enables a differentiation between magnetic network elements
and internetwork elements within our detection algorithm, might
further help to discriminate between the global and a possible
acting local solar dynamo creating internetwork fields that are
not correlated or even anti-correlated (see Karak & Brandenburg
2015) to the solar sunspot cycle. To make sure that the results and
interpretation are valid, we checked carefully the implications of
possible ageing effects of the instrument and thus changing ob-
servational conditions on the results. From the analysis of these
long-term image characteristics we conclude that the observed
temporal evolution, as well as the asymmetry between regions
north and south of the equator, are real and caused by physical
effects. There might be some instrumental effects, like a long-
term degradation, which cannot be excluded and which might in
turn change the slope of the evolutionary curve (strengthening
the decreasing trend up to 2011 and then weakening the increas-
ing trend of the new solar cycle). Thus the absolute numbers as
well as the absolute changes might be liable to errors, but the
qualitative trend, as well as the asymmetry, are persistent.
In a follow-up study, we plan to investigate the long-term
evolution of the size and the contrast of the MBPs to investi-
gate if the features themselves also vary over longer periods,
or if these small-scale building blocks of the solar magnetism
show stable and static characteristics. It will be worth revisiting
this kind of investigation after a longer period when Hinode will
have gathered even more data, hopefully covering the complete
ongoing solar activity cycle, especially the maximum as this will
enable us to distinguish between the two possible interpretations
of the time-lag (transport effects vs. decay time constant) as out-
lined above.
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